Abstract. Huanglongbing (HLB) is a serious and devastating disease of citrus caused by Candidatus Liberibacter spp. and vectored by the Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Psyllidae). The disease has the potential to greatly limit the production of citrus in Florida and other citrus-growing regions worldwide. Current control of D. citri and HLB is inadequate, but the identification and incorporation of D. citri resistance traits from uncultivated Citrus spp. and Citrus relatives is seen as a potential disease management strategy. In this study, seedlings of 87 Rutaceae seedsource genotypes, primarily in the orange subfamily Aurantioideae, were assessed in the field for their propensity in a free-choice situation for infestations of natural south Florida populations of D. citri. The majority of test populations surveyed hosted all three life stages of D. citri; however, there were significant differences among the test populations in the mean ranks for D. citri eggs (F = 3.13, df = 86, P < 0.0001), nymphs (F = 9.01, df = 86, P < 0.0001), and adults (F = 4.21, df = 86, P < 0.0001). The only sampled test population that was completely avoided by all life stages of D. citri was seedlings of Casimiroa edulis Llave et Lex, commonly known as white sapote, which was one of the few plants included in the study belonging to the Rutaceae subfamily Toddalioideae. Although not completely avoided, very low levels of D. citri were found on two surveyed test populations of Poncirus trifoliata (L.) Raf, seedlings of 'Simmon's trifoliate' and 'Little-Leaf'. Poncirus trifoliata, the trifoliate orange, readily forms hybrids with Citrus spp., is commonly incorporated into rootstock varieties, and has been used in breedingadvanced scion material. The identification of partial resistance in P. trifoliata to D. citri could prove useful in future citrus breeding efforts aimed at reducing the incidence and spread of HLB. Determining if there is true resistance to D. citri in this and other germplasm sources with a low propensity for infestations in free-choice situations will require no-choice experiments.
The Asian citrus psyllid, Diaphorina citri, is a key pest in most citrus-growing regions around the world. D. citri nymphs feed exclusively on young elongating flush and feeding can retard leaf and shoot development (Michaud, 2004; Shivankar et al., 2000) . In addition, the production of honey dew by feeding nymphs promotes the growth of sooty mold leading to a reduction in the photosynthetic capacity of the plant (Mead, 1977) . However, the devastating economic damage caused by this insect comes from its ability to vector the phloem-limited Gram-negative bacteria, Candidatus Liberibacter spp., associated with citrus greening disease or huanglongbing (HLB) (Bové, 2006; Martinez and Wallace, 1967; Mead, 1977) . Early in the development of HLB symptoms, leaves of citrus trees exhibit yellowed and/or blotchy mottle patterns followed by the development of chlorosis; trees exhibit stunted growth; and fruit become misshapen and inedible and drop prematurely. In 2 to 3 years trees can degenerate into a non-productive state, leading to the eventual death of the tree in %5 to 8 years (Halbert and Manjunath, 2004; Tsai and Liu, 2000) . HLB and D. citri have been known to occur in Asia for many years (Chen et al., 2010; Lin, 1956) and have subsequently spread to the Indian Ocean islands and the Americas (International Society for Infectious Diseases, 2004 Diseases, , 2005 Diseases, , 2008 Diseases, , 2009 Diseases, , 2010 Diseases, , 2011 .
Diaphorina citri was found in Florida in 1998 (Halbert, 1998) and the discovery of HLB followed in 2005 (Halbert, 2005) . The disease has seriously impacted Florida citrus fruit production, which between 2007 and 2008 was valued at U.S. $1.76 billion with fresh fruit accounting for U.S. $253 million and processed fruit U.S. $1.50 billion (Rahmani and Hodges, 2009) . D. citri is continuing to move into other citrus-producing regions in the United States, including California, Arizona, and Texas (da Grac xa et al., 2008; French et al., 2001) , and it is likely that with time the disease will follow the spread of the vector.
The production of disease-resistant varieties is a vital component to a sustainable and long-term citrus management program. Insectresistant traits have been documented among members of the orange subfamily (Rutaceae: Aurantioideae) (Bowman et al., 2001; Luthria et al., 1989; Yang and Tang, 1988) , and it is possible that the Aurantioideae germplasm reservoir contains traits that confer specific resistance to D. citri. The Aurantioideae, one of seven subfamilies of the Rutaceae, contains 33 genera and %210 species native to the Old World tropics (Engler, 1931) . The trees and shrubs of the orange subfamily are distinguished by persistent leaves except in three monotypic genera (Poncirus, Aegle, and Feronia), in several species of Clausena, and in one species of Murraya (M. alternans). Most members of the subfamily produce fruit with a leathery peel or hard shell; have fragrant white flowers; and leaves and fruit contain schizolysigenous oil glands that give off an aroma when touched (Swingle and Reece, 1967) . Interspecific and to a lesser extent intergeneric hybridization within Citrus and among its relatives is common and has probably taken place in the wild for centuries (Nicolosi, 2007) , thus making it difficult to fit the species concept to this group of plants. The taxonomic classification of the members of the Aurantioideae into tribes, subtribes, genera, and species is controversial and unresolved (Barrett and Rhodes, 1976; Bayer et al., 2009; Moore, 2001) . Both the Tanaka (Tanaka, 1954 (Tanaka, , 1977 and Swingle (Swingle 1943; Swingle and Reece, 1967) systems are widely accepted for citrus taxonomy.
Previously published host plant information on D. citri suggests that this insect has a broad host range within the Aurantioideae and may even on occasion use Rutaceae species outside the orange subfamily as a food host (Aubert, 1990; Halbert and Manjunath, 2004; Yang et al., 2006) . There is also evidence that there are differences in susceptibility to D. citri among common Citrus cultivars (Nehru et al., 2004; Tsagkarakis and Rogers, 2010; Tsai and Liu, 2000) . However, in many of these studies, only a limited number of plants was surveyed often at a single time point, generally only presence or absence was recorded, and only limited information was presented on the susceptibility to each D. citri life stage. The objective of this study was to survey a Rutaceae planting, primarily composed of Aurantioideae seedling populations derived from diverse species, multiple times during the height of D. citri field populations for the presence and abundance of adults, nymphs, and eggs.
Materials and Methods
Seed source. Seeds representing a wide diversity of Citrus and Citrus relatives in the family Rutaceae were obtained from the National Clonal Germplasm Repository for Citrus and Dates (NCGRCD) at the University of California at Riverside (UCR), Riverside, CA. The seeds were derived from the Citrus Variety Collection of UCR, which was created nearly 100 years ago and contains more than 1000 accessions [each with a unique Citrus Research Center (CRC) number] of cultivated and wild species of Citrus and Citrus relatives, which are maintained as trees adjacent to the UCR campus. The Core Collection of citrus (Barkley, 2003) was included as seed sources also, because this subcollection of genotypes in the Citrus Variety Collection represents %85% of the genetic diversity as determined using 23 simple sequence repeat markers. Details of CRC genotypes used in this study can be obtained from the Citrus Variety Collection web site at http://www.citrusvariety. ucr.edu. All accessions from NCGRCD were members of the orange subfamily Aurantioideae, Rutaceae. Two more distant members of the subfamily Aurantioideae, Afraegle paniculata (Schum.) Engl. and Aegle marmelos (L.) Corr., as well as Casimiroa edulis (Llave et Lex), which is in the subfamily Toddalioideae, Rutaceae, were obtained from the Fruit and Spice Park of Miami/Dade County. Seeds of an additional Toddalioideae species, Zanthoxylum ailanthoides (L.), were obtained indirectly from Dr. John Ruter of the University of Georgia.
Seeds of 124 CRC accessions as well as additional material described previously were received and planted in a greenhouse at the USDA-ARS Laboratory in Fort Pierce, FL, in individual plastic cells (3.8 · 21 cm) (SC-10 super cell Cone-tainers; Stuewe and Sons, Corvallis, OR) containing sterile soil. Seedlings from 87 seed-source genotypes (hereafter referred to as test populations in the text) were successfully propagated. It must be noted that members of the Rutaceae vary greatly in their incidence of nucellar embryony (reviewed in Frost and Soost, 1968) and so some of the seedling test populations were essentially genetically identical to the seed parent, whereas others represented half-sib families with only the seed-parent known. Seedlings were transplanted to 3.7-L containers when they were 4 to 7 months old and maintained on elevated benches in a greenhouse with an average diurnal temperature cycle of 35°C maximum and 23°C minimum in the summer and a diurnal cycle of 32°C and 20°C in the winter. No supplemental light was supplied. Plants were watered with a dilute fertilizer mix weekly using water-soluble N:P:K (20:10:20) at a rate of 150 mgÁL -1 N. Field evaluation for D. citri colonization. After 6 to 9 months in the greenhouse, eight single-plant replicates for each seedling test population were planted in a randomized complete block design in a plot with trees spaced at 0.6 m between trees in the row and 3.5 m between rows on a USDA-ARS research farm located near Fort Pierce, FL, in Saint Lucie County with most plants germinated in Aug. 2008 and field-planted during June and July 2009. The planting was regularly irrigated and no pesticides were applied to the plants during the study. Plants were fertilized using a program similar to that used for a new commercial planting of citrus. Plants were surveyed four times for D. citri infestations, approximately once per month from June to September of 2010.
Because the presence of immature D. citri is dependent on the presence of suitable flush, plants were sampled only if a minimum of one flush shoot was present. If no flush was present, then the plant replicate was excluded from the survey during that sampling period. Flush was defined as any shoot with developing leaves, which included breaking buds of new, unexpanded flush to shoots with expanded but tender young leaves (Hall and Albrigo, 2007) . Overall plant and flush morphology of the test populations differed and a careful examination of each plant to locate flush was often necessary. Eggs, nymphs, and adult abundances were recorded as categorical counts based on a 0 to 3 ordinal scale. Egg sample categories per flush shoot were 0 = no eggs present; 1 = from one to 20 eggs; 2 = from 21 to 40 eggs; and 3 = more than 40 eggs. Nymph sample categories per flush shoot were 0 = no nymphs; 1 = from one to 10 nymphs; 2 = from 11 to 30 nymphs; and 3 = more than 30 nymphs. Adult sample categories per plant were 0 = no adults present; 1 = from one to five; 2 = from six to 15; and 3 = more than 15 adults. Egg, nymph, and adult density assignments to each categorical count were based on empirical observations of infestation densities in conjunction with published information (Hall et al., 2008) .
For plants with multiple flush shoots, the first shoot examined that contained the life stage under assessment was used to determine the estimate per flush shoot for that replicate. For example, if the first flush shoot examined contained eggs, then the egg count for that shoot was the eggs per shoot estimate for that replicate. If, however, the shoot contained no eggs, subsequent flush shoots were examined until eggs were found or until all shoots were sequentially and exhaustively examined and it was determined no eggs were present on the plant. This was the same method used to count nymphs and additionally, if both eggs and nymphs were found on the same flush shoot, then both life stages were counted from the one shoot. Shoots were not removed and counts were made with as little disturbance of plant tissue and insects as possible while maintaining accuracy. The assessment of adult abundance was based on a 30-s examination of the entire plant, including flush, after which an entire plant adult count was recorded.
Statistical analyses. The counts from the 87 test populations collected over the 4 sampling months were analyzed as non-parametric repeated measure data using the F-approximation of the Friedman test (Ipe, 1987) and the associated rank sum multiple comparison test with PROC GLM in SAS (SAS Institute, 2008) . The procedure was used after ranking the data within each sampling date from lowest to highest value using the PROC RANK procedure in SAS. The analyses of count data associated with each life stage (egg, nymph, and adult) were carried out separately.
Results
There were significant differences in abundance of D. citri eggs (F = 3.13, df = 86, P < 0.0001), nymphs (F = 9.01, df = 86, P < 0.0001), and adults (F = 4.21, df = 86, P < 0.0001) among the 87 test populations according to the Friedman test. Mean ranks, group mean separations resulting from pairwise comparisons, and mean counts (zero to three) for the three life stages on test populations from the 87 seed sources are listed in Table 1 . The overall order of seed-source genotypes in Table 1 is based on descending infestations of test populations by adult D. citri. All eight replicates did not always produce flush during each of the four sampling periods, so the total number of plants surveyed (designated by ''N'' in the column in Table 1 ) for each test population was often not the maximum 32 possible over the entire study period. Clausena excavata (CRC 3166), Balsamocitrus dawei (CRC 3514), Glycosmis pentaphylla (CRC 3285), and Casimiroa edulis were the only seed sources providing test populations in which all eight replicates could be surveyed four times.
Of the two test populations surveyed in the subfamily Toddalioideae, seedlings produced from C. edulis were completely avoided by D. citri, whereas Zanthoxylum ailanthoides seedlings were only host to adult D. citri. Many test populations from seed-source genotypes showed variability in mean rank among the D. citri life stages. Thus, a test population from a seed source with a high mean rank for eggs may have a lower mean rank for nymphs or adults. Table 2 lists the seed-source genotypes with test populations least colonized for each of the D. citri life stages: mean separation statistical group ''P'' for adults, group ''R'' for nymphs, and group ''H'' for eggs (refer to Table 1 for statistical groupings). A majority of the test populations that were least colonized were not in the Citrus genus. Six seed sources providing test populations fell into the lowest susceptibility group for all three life stages: C. edulis, Poncirus trifoliata (CRC 4007), P. trifoliata (CRC 3549), Glycosmis pentaphylla (CRC 3285), Clausena harmandiana (CRC 4034), and Z. ailanthoides. 
Discussion
In this study, several test populations were identified that were avoided as a host plant by D. citri. Of the six test populations that were least colonized by all three life stages, only seedlings from the genus Poncirus Raf. were in the ''true citrus fruit trees,'' a group designated by Swingle and thus sexually compatible with Citrus. Swingle considered the monotypic genus Poncirus to be the most genetically isolated and aberrant of the ''true citrus fruit trees'' as a result of characters such as trifoliate deciduous leaves and cold-hardiness (Swingle, 1943; Swingle and Reece, 1967) . However, recent phylogenetic work on the genera of the Frost and Soost, 1968) and so some of the plants tested were essentially genetically identical to the seed parent, whereas others represent half-sib families with only the seed parent known. y Botanical and common names of source material as specified by UC Riverside Citrus Variety Collection, Riverside, CA, as defining specific accession number more detailed information can be found at http://www.citrusvariety.ucr.edu. parent. x UC Riverside Citrus Variety Collection, Riverside, CA, accession number. w Mean rank was calculated using the nonparametric Friedman's test with PROC GLM procedure in SAS and letters denoted shared groups based on pairwise comparisons of ranks. v Details of the 0-3 rating scale for adults, nymphs and eggs is provided in the text. u Botanical names from the Core Collection of Citrus, representing a broad range of genetic diversity as determined by simple sequence repeat markers (Barkley, 2003) .
Aurantioidea keeps P. trifoliata in an isolated position but nested within a newly constructed monophyletic Citrus clade, renaming it Citrus trifoliata (Bayer et al., 2009) . Consensus dendrograms further indicate that P. trifoliata may be more closely related to certain cultivated species of Citrus than other genera of the ''true citrus fruit trees'' such as Microcitrus, Eremocitrus, and Clymenia (Bayer et al., 2009) . Further exploration of the basis of avoidance of P. trifoliata by D. citri observed in this study would be a worthwhile investment because of the important role of P. trifoliata in citrus breeding programs. Poncirus trifoliata is graft-compatible and hybridizes with Citrus, is the dominant rootstock in China, and since 1892 in Florida has been used as a rootstock alone or in hybrid form (Krueger and Navarro, 2007; Ziegler and Wolfe, 1981) . It is an important parent in intergeneric hybrids with Citrus, which are collectively referred to as ·Citroncirus (Krueger and Navarro, 2007) . A number of advanced selections with Poncirus trifoliata in their pedigree are present in citrus breeding programs; use of P. trifoliata has been largely directed at cold-hardiness, but it is possible that some of these selections, which approach commercial fruit quality, may have D. citri resistance as well. Four ·Citroncirus sp. were included among the 87 seed sources providing test populations listed in Table 1 : S-281 citrangelo (CRC 3552), Swingle citrumelo (CRC 3771), X639 (CRC 3957), and Rusk (CRC 301). Three of these seed-source genotypes-Swingle citrumelo, X641, and S-281 citrangelo-are also listed in Table 3 as a result of the high affinity of their test populations for D. citri. Based on our findings, seedlings of the ·Citroncirus seedsource genotypes did not seem to inherit the apparent resistance found in pure P. trifoliata, but this may not be true for all hybrids. A further examination of a broader variety of P. trifoliata selections and ·Citroncirus is currently underway.
Seedling test populations from species within other genera among the ''true citrus fruit trees'' that were surveyed included Eremocitrus glauca (CRC 4105), Microcitrus australasica (CRC 1484), M. australis (3673), M. hybrid (CRC 1485), M. inodora (CRC 3785), Severinia buxifolia (CRC 1497), ·Citrofortunella sp. (CRC 3172), and ·Microcitronella sp. (CRC 1466) . None of the test populations from these seed sources were avoided by all three D. citri life stages. Seedlings of Eremocitrus glauca, M. inodora, M. australasica, and the M. hybrid seed-source genotype were avoided by adults as food and resting hosts, but the M. hybrid test population was in the most susceptible egg group, E. glauca; M. inodora test populations had a moderately high rank for nymphs; and the M. australasica test population had a moderately high rank for eggs. Similarly, low numbers of nymphs were found on S. buxifolia seedlings, but this test population showed moderate affinity for D. citri adults and eggs. Although members of the genus Fortunella were received as seed from the Citrus Variety Collection, poor germination prevented their inclusion in the planting; however, two Fortunella hybrid test populations in the planting (seedlings of ·Citrofortunella sp. and ·Microcitronella sp.) showed susceptibility to all life stages of D. citri with high mean ranks for eggs in particular.
Seedling test populations of Glycosmis pentaphylla and Clausena harmandiana, members of Swingle's ''remote citroid fruits,'' also were colonized less by all three life stages of D. citri. These species are sexually incompatible with the genus Citrus, preventing the creation of resistant intergeneric crosses through sexual Frost and Soost, 1968) and so some of the plants tested were essentially genetically identical to the seed parent, whereas others represent half-sib families with only the seed parent known.
hybridization. However, these species may be a source of resistant traits that could be used through genetic transformation. Glycosmis pentaphylla is partially graft-compatible with some citrus species (Bowman et al., 2001) , and the biochemical basis of resistance in G. pentaphylla to a citrus weevil pest, Diaprepes abbreviatus (L.) (Shapiro et al., 1997 (Shapiro et al., , 2000 , might offer some cross-resistance to other insects pests such as D. citri.
The majority of the test populations in this study did not exhibit resistance to D. citri based on infestation levels we observed, confirming that D. citri has a large host range among the Aurantioideae with some of the most susceptible test populations derived from seed sources outside the Citrus genus. Even seedlings of Z. ailanthoides, one of the two members surveyed in the subfamily Toddalioideae, appeared to be a suitable feeding and resting host for adult D. citri. It would be worthwhile to investigate the susceptibility of additional non-Aurantioidea taxa within the Rutaceae to broaden the search for resistant traits and document the true breadth of the D. citri host range. With respect to adult susceptibility, the following seed sources provided test populations with the highest adult mean ranks: C. reticulata (CRC 2590), B. koenigii, M. paniculata (1637), C. maxima (CRC 3945), C. medica (CRC 3523), and C. macrophylla. One test population of a Citrus reticulata seed source (CRC 2590), 'Tien Chieh', was also in the highest susceptibility group for D. citri eggs. This was one of 13 C. reticulata selections among the 87 seed sources providing test populations, and although it produced the only C. reticulata test population in the highest adult susceptibility group, five other test populations with C. reticulata seed sources were identified as susceptible to infestations of eggs and nymphs (Table 3) with three of the C. reticulata seed sources providing test populations in both the highest nymph and egg susceptibility groups: 'Soh Niamtra' (CRC 3260), 'Koster' (CRC 3958), and 'Som Keowan' (CRC 3752) mandarins.
Seedlings of Citrus macrophylla (alemow) and B. koenigii (curry leaf tree) were the only two test populations that were in the highest susceptibility groups for all three life stages, and both are used in research facilities as host plants for laboratory colonies of D. citri (Tsagkarakis and Rogers, 2010) . Interestingly, B. koenigii is a sister taxon to the genus Clausena (Bayer et al., 2009 ), yet its seedlings were heavily colonized by D. citri in our studies, whereas seedlings of C. harmandiana were not, suggesting that phylogenetic distance among Aurantioideae genotypes may have no influence on D. citri susceptibility. Murraya paniculata (represented by CRC 1637 in our study), ''orange jasmine,'' is known as second only to commercial citrus as a preferred host for D. citri in China (Yang et al., 2006) , and this genotype has also frequently been used as a host plant for D. citri colonies (Wenninger and Hall, 2007) . The recognition of this test population as highly susceptible to D. citri was therefore not surprising. Because of orange jasmine's wide use as an ornamental in many How plant material with mixed susceptibility to different life stages of D. citri may influence the overall epidemiology of HLB is difficult to interpret. For HLB transmission, adults represent a key life stage because their mobility allows them to acquire the pathogen and then inoculate subsequent host plants. Plants that may be used by adults for feeding, but infrequently used for oviposition and subsequent nymphal development, may still act as an important source of infection for immigrating adults. However, a recent study reported that in laboratory studies, nymphs reared on HLB-infected plants were more likely to acquire the bacterium than adults (Pelz-Stelinski et al., 2010) . Therefore, an infected plant that is host to large numbers of developing nymphs may be a more important source of infected adults. How the pathogen manifests in different host plant genotypes is also a key element in predicting how the disease moves through an area.
Genotypes that express a level of resistance against infestation by D. citri may be using biochemical and/or behavioral mechanisms. Some genotypes highly attractive to ovipositing females (and thus highly susceptible to becoming infested by adults and eggs) may contain traits resistant to nymphs. There are multiple examples in nature of negative correlations between oviposition preference and offspring performance (Thompson, 1988; Wise et al., 2008) . Plant material that is attractive to ovipositing females but contains compounds that adversely affect developing nymphs may have value in reducing the population equilibrium of D. citri in a grove. It is also possible that a lack in correspondence in susceptibility among the life stages in a test population may have been influenced by sampling date. Adults are mobile and eggs are only in the field for %4 days at 25°C before hatching; thus, the presence and abundance of these two life stages are more difficult to reliably document. On the other hand, surviving nymphs may be on a plant for 12 or more days depending on temperature, host plant, and other factors (Tsai and Liu, 2000) .
A strength of this study was the ability to screen seedlings derived from numerous diverse genotypes in the field that were exposed to a natural population of D. citri rather than relying on cage or greenhouse experiments with colony-reared D. citri. However, in attempts to sample all replicates in a reasonable time period, categorical counts were used as a compromise between merely recording presence and counting large numbers of eggs, nymphs, and adults on each replicate. Because the primary purpose of this survey was to identify potential sources of resistance, categorical counts were adequate for this level of discernment. In future studies that attempt to identify more subtle differences in susceptibility, full counts may identify smaller genotype effects.
In summary, the work described here has identified a few genotypes providing seedlings expressing either complete or high levels of resistance to D. citri based on reduced infestation levels of the psyllid in a free-choice situation. It has also defined the relative level of susceptibility to the three life stages of D. citri among seedlings of many Citrus species and more distant members of the Aurantioideae subfamily. Because of its importance in citrus breeding programs, future work will include an in-depth investigation into probable resistance in P. trifoliata. Probable resistance in other genotypes avoided by D. citri should be explored, and an expanded survey within the Aurantioideae and other Rutaceae genera not represented in the study presented here should be carried out. Frost and Soost, 1968) and so some of the plants tested were essentially genetically identical to the seed parent, whereas others represent half-sib families with only the seed parent known.
